Abstract -Parameters of tryptophan (Trp) and related metabolism were compared in male Sardinian alcohol-preferring (sP) and -non-preferring (sNP) rats. Liver Trp pyrrolase activity was 38-58% higher in sP than in sNP rats, and this was associated with a greater expression of the enzyme mRNA as measured by multiprobe oligonucleotide solution hybridization. Moderately (about 10-19%), but significantly, lower concentrations of free serum, total serum, and brain Trp were also observed in sP compared with sNP rats. Concentrations of whole brain 5-hydroxytryptamine (5-HT) and its major metabolite 5-hydroxyindol-3-yl-acetic acid (5-HIAA) were, however, 14^-21% higher in sP rats. Serum corticosterone concentration was 18% higher in sP rats. We conclude that alcohol preference in Sardinian rats is associated with increased liver Trp pyrrolase activity and mRNA expression leading to a decrease in Trp availability to the brain. Although a simple serotonin deficiency could not be demonstrated in the whole brain, the possibility could not be ruled out that a deficiency may be present in discrete areas of the brain of the sP rat.
INTRODUCTION
In addition to the C57BL mouse strain (McLearn and Rodgers, 1959) , a number of rat models of alcoholism have been developed, which are characterized by a genetically determined preference for alcohol consumption. These include the Chilean UChB (Mardones and Segovia-Requelme, 1983) , Finnish AA (Kiianmaa et al, 1991) , Indiana P , and Sardinian sP (Colombo, 1997) rat lines, in comparison with their corresponding -non-preferring control counterparts (UChA, ANA, NP, and sNP respectively). Two other rat strains have also been identified as alcohol-preferring, namely the Fawn-Hooded (Rezvani et al., 1990; Overstreet et al, 1993) and the Maudsley Reactive (Satinder, 1972; Adams et al., 1991) rats, in comparison with ordinary Wistar (Sprague-Dawley) and the 'Present address: Department of Biochemistry, University of Karachi, Karachi 75270, Pakistan. "Author to whom correspondence should be addressed.
Maudsley Non-Reactive rats respectively. The neurochemical basis of alcohol preference has not yet been established in all these models, though there is considerable evidence that a deficiency in the cerebral indolylamine 5-HT (5-hydroxytryptamine or serotonin) exists in many of them and may therefore be an important determinant of alcohol preference, particularly in view of the role of 5-HT in the control of alcohol consumption (Sellers et al., 1992) . Thus a central serotonin deficiency has already been demonstrated in the C57BL mouse (Badawy and Evans, 19766; Yoshimoto et al., 1985) , the P rat , the Fawn Hooded rat (Rezvani et al., 1990) , and the Maudsley Reactive rat (Broadhurst, 1975) . The AA rat line appears to be an exception (Korpi et al., 1988) , whereas the serotonin status of the UChB and sP rats has yet to be determined.
In the present work, we have examined the serotonin metabolic status and related aspects of tryptophan (Trp) metabolism and disposition in the Sardinian sP rat in comparison with those of the sNP control line.
MATERIALS AND METHODS

Animals
Twelve male Sardinian alcohol-preferring (sP) and 12 male Sardinian -non-preferring (sNP) rats were the subjects of this study. Animals of both lines were approximately 3 months old, weighed 350-400 g and were of the 32nd generation. The animals were alcohol-naive and were housed four per cage in standard plastic cages (54 x 32 x 18 cm) with wood-chip bedding. They were maintained under standard conditions [a 12h light: 12 dark artificial light cycle (lights on at 08:00), a constant temperature (22 ± 2°C) and a relative humidity of 60%] and on standard rat chow (MIL Morini, San Polo d'Enza, Italy) and water ad libitum. Rats were killed by decapitation between 08:00 and 10:00. Brains and livers were rapidly removed (the latter after perfusion in situ with ice-cold saline) and frozen in liquid N 2 and then at -40°C until analysis. Serum was also isolated and frozen rapidly, a 1 ml portion of each fresh serum was also ultrafiltered (see below) and the ultrafiltrate was then frozen along with the parent serum.
Chemicals
These were purchased from Fluka (Gillingham, Dorset, UK), Sigma and Merck (both of Poole, Dorset, UK) and were of the purest commercially available grades.
Chemical, enzymic and other determinations
Gene expression of rat liver Trp pyrrolase was determined following isolation of total liver RNA using Ultraspec™ (AMS Biotechnology, Witney, UK) and subsequent quantification of the Trp pyrrolase mRNA by multiprobe oligonucleotide solution hybridization as described in detail previously (Bano et al., 1996) . Liver Trp pyrrolase activity was determined in homogenates of frozen tissue prepared with an Ultraturrax homogenizer, in either the absence (holoenzyme activity) or the presence (total enzyme activity) of added (2 (xM) haematin (Badawy and Evans, 1975 ; see also the Fuller description by Badawy, 1981 and additional comments by Badawy et al., 1983) . Other standard procedures were used for the determination of concentrations of free (ultrafiltrable) serum, total (free + albumin-bound) serum and brain Trp (Badawy and Evans, 1976a ), brain 5-HT and its major metabolite 5-HIAA (5-hydroxyindol-3-ylacetic acid) (Curzon and Green, 1970) , and the serum concentrations of albumin (Doumas and Biggs, 1972) , non-esterified fatty acids (NEFA) (Mikac-Devic et al., 1973) , glucose (Slein, 1963) , and corticosterone (Glick et al., 1964) . Ultrafiltration of serum for free Trp determination was performed with the Amicon MPS-1 micropartition assembly (Amicon, Passirana di Rho, Italy) using 1 ml of fresh serum and after centrifugation at 2000 g for 20 min at room temperature. Trp binding to albumin was expressed as the percentage free serum Trp (100 x [free serum Trp]/[total serum Trp]). Concentration of total serum Trp was additionally determined by the autoanalyser method along with those of the five amino acids known to compete with Trp for entry into the brain (Val, Leu, lie, Phe, and Tyr) and collectively referred to as the CAA. Statistical analysis of the results was performed by using Student's f-test.
RESULTS
Differences in rat liver Trp pyrrolase activity and gene expression between sP and sNP rats
The results in Table 1 show that liver Trp pyrrolase activity was higher in male sP, than in sNP rats. Thus, the holo-(Trp pyrrolase) activity was 58% higher, whereas that of the total enzyme was 38% higher in sP, compared with sNP rats. Expression of Trp pyrrolase mRNA was also 3.0 ± 0.14* 1.9 ± 0.20 4.4 ±0.14* 3.2 ±0.13
Liver Trp pyrrolase activity was determined as described in the Materials and methods section either in the absence (holoenzyme activity) or in the presence (total enzyme activity) of added (2 jiM) haematin. Values are means ± SEM for each group of eight rats. The values for each form of the enzyme in sP rats were compared with the corresponding values in sNP rats and the significance of the differences is indicated as follows: *P < 0.001.
/?-actin Fig. 1 . Expression of liver tryptophan pyrrolase mRNA in male Sardinian alcohol-preferring (sP) and -non-preferring (sNP) rats. mRNA expression was performed by multiprobe oligonucleotide solution hybridization as described in the Materials and methods section. The upper bands are those of the /?-actin control, whereas the lower bands are those of Trp pyrrolase (TP). The results of a typical experiment are shown with two sP and two sNP mRNA samples.
higher in sP than in sNP rats, as the results of a typical experiment in Fig. 1 show. In this figure, the upper band is that of the /?-actin control. When the ratio of Trp pyrrolase//?-actin was determined for seven sNP and 12 sP RNA samples, the mean for the latter rats was 25% higher than for the former rats (P < 0.01).
Differences in parameters of Trp metabolism and disposition between sP and sNP rats
The results in Table 2 show that there were no significant differences in liver [Trp] between sP and sNP rats. By contrast, there were significant differences in other parameters of Trp disposition between the two rat lines. Thus, free serum and total serum [Trp] , determined fluorimetrically, were moderately (7% and 11%) lower (/> = 0.05-0.01) in sP rats. Trp binding to albumin, expressed as the percentage free serum Trp, was not significantly different between sP and sNP rats. The results in Table 2 also show that sP rats had on average 12% less Trp in the brain (P < 0.001). Unexpectedly, however, brain [5-HT] and [5-HIAA] were higher in sP, than in sNP, rats, by 21 and 14% respectively {P < 0.001).
Total serum [Trp] was also determined by the autoanalyser procedure, which demonstrated a 19% lower level in sP, compared to sNP, rats (P < 0.02) ( Table 3) . Concentrations of the five Trp competitors were determined by the same procedure and the results are also shown in Table  3 . Concentrations of all the competitors, except leucine, were also lower in sP, than in sNP rats, by 17-33% (P = 0.01-0.005). The above parameters were determined as described in the Materials and methods section. Values are means ± SEM for each group of 10 rats. The significance of the differences between sP and sNP rats is indicated as follows: *P < 0.05; **P < 0.02; ***P < 0.01; ****/> < 0.001. The above parameters were determined as described in the Materials and methods section. Values are means ± SEM for each group of 10 rats. The significance of the differences between sP and sNP rats is indicated as follows: + P < 0.05; ++P< 0.025; + + + P<0.02; *P < 0.01; **P < 0.005; ***/> < 0.001.
5-HT, changes, was, however, not significantly different between the two rat lines.
Differences in serum parameters related to Trp metabolism between sP and sNP rats
Parameters related to Trp metabolism and disposition were compared in sP and sNP rats and are also shown in Table 3 . The concentration of albumin, the physiological binder of circulating Trp, did not differ significantly between the two Sardinian rat lines. By contrast, those of NEFA and glucose were significantly lower in sP rats (by 38 and 18% respectively; P = 0.01-0.001), and that of corticosterone, the major glucocorticoid inducer of liver Trp pyrrolase, was 18% higher in sP rats (P < 0.001).
DISCUSSION
As stated earlier, a central serotonin deficiency has been demonstrated in the C57BL mouse and in three alcohol-preferring rat lines (for references, see the Introduction). The mechanism of the serotonin deficiency in alcohol preference has, however, been established in some detail in only two models, the C57BL mouse and the P rat. In the C57BL mouse, it is due to a decrease in circulating Trp availability to the brain, which is an important determinant of cerebral 5-HT synthesis, secondary to a higher liver Tip pyrrolase activity (Badawy et al., 1989) , whereas in the P rat it is due to a lower density of serotonergic fibres in the cerebral cortex (Zhou et al., 1991) . We have examined in the present work the serotonin status of the sP rat, but could not demonstrate lower brain 5-HT or 5-HIAA concentrations in comparison with the sNP line ( Table 2 ). The absence of a decrease in 5-hydroxyindole concentrations in whole brain does not of course exclude the possibility that a serotonin deficiency exists in discrete areas of the brain. That this is so has now been demonstrated by us in the accompanying paper (Devoto et al., 1998) , in which we found that concentrations of 5-HT and 5-HIAA were significantly lower in the frontal cortices of sP, in comparison with sNP, male rats.
We have, however, also observed in the present work an accelerated turnover of brain [Trp] , as suggested by the lower ratio of brain [Trp]/[5-HT + 5-HIAA] in sP, compared with sNP, rats (1.57 vs 2.04 respectively). The mechanism of such a possible increase in Trp turnover in sP rats may involve a higher Trp hydroxylase, and possibly also monoamine oxidase, activity. These findings and those by Devoto et al. (1998) suggest the need for further work to examine these enzyme activities in conjunction with Trp and 5-hydroxyindole determinations in discrete areas of brains of sP and sNP rats.
The present results have, however, clearly shown that the lower brain [Trp] concentration in sP rats is due to a decrease in circulating Trp availability to the brain, as suggested by the correspondingly lower concentrations of free and total serum [Trp] (Tables 2 and 3) . Trp availability to the brain is controlled mainly by three peripheral factors: (1) Trp binding to albumin (Curzon and Knott, 1974; Curzon, 1979) ; (2) competition between Trp and five other amino acids (Val, Leu, He, Phe, and Tyr) for the same cerebral uptake mechanism (Fernstrom and Wurtman, 1971) ; (3) activity of the major Trp-degrading enzyme, hepatic Trp pyrrolase (Trp 2,3-dioxygenase) (Badawy, 1977) . The present results show that extent of competition between Trp and its five competitors (as expressed by the [Trp]/[CAA] ratio) did not differ significantly between sP and sNP rats (Table 3) . Similarly sP and sNP rats did not show a significant difference in Trp binding to albumin (as expressed by the percentage free serum Trp) ( Table 2) . Additionally there were no significant line differences in concentration of the physiological Trp binder albumin (Table 3) , and, although the physiological displacers of albuminbound Trp, NEFA were lower in sP rats, this difference clearly did not influence Trp binding; perhaps other factors compensated for this. Proportionate decreases in free and total serum [Trp] in the absence of altered binding to albumin, as observed in the present work, are typical consequences of enhancement of liver Trp pyrrolase activity. As liver Trp pyrrolase activity was indeed higher in sP, than in sNP, rats ( ratio. Although the absence of a difference in the ratio between sP and sNP rats can be explained by the fact that levels of four of the five Trp competitors were also lower in sP rats, the absence of a correlation with the lower brain [Trp] cannot be explained at present and thus requires investigation.
Liver Trp pyrrolase is inducible by glucocorticoids, which induce the synthesis of the enzyme protein by increasing the expression of its mRNA (DeLap and Feigelson, 1978) . The association of a higher Trp pyrrolase activity (Table 1) with a greater expression of the enzyme mRNA (Fig. 1) and a larger concentration of circulating corticosterone (Table 3) in sP rats is consistent with a glucocorticoid mechanism of Trp pyrrolase induction. We have previously demonstrated that the alcohol-preferring C57BL mouse strain exhibits a higher liver Trp pyrrolase activity and serum corticosterone concentration, in comparison with the -non-preferring CBA/Ca strain, and provided evidence that the central serotonin deficiency in the C57BL mouse is due to a decrease in circulating Trp availability to the brain secondary to this liver pyrrolase-dependent mechanism (Badawy et al., 1989) . However, although the differences in the pyrrolase parameters and those of Trp disposition between these mouse strains were more pronounced than those observed in the present work with the Sardinian rat lines, they are nevertheless qualitatively similar and may therefore be of importance in relation to the mechanism of the serotonin deficiency of alcohol preference. Whether other alcohol-preferring rat lines also exhibit a high liver Trp pyrrolase activity remains to be investigated. Although a central serotonin deficiency has been demonstrated in the Sardinian alcohol-preferring sP rat in discrete areas of the brain (Devoto et al., 1998) , but not in whole (present work) brain, the mechanism of this deficiency requires investigation. Given our observation in the present work of a higher liver Trp pyrrolase activity and a consequently lower brain [Trp] in sP rats, it is possible that the lower brain 5-hydroxyindole concentrations observed in the frontal cortex by Devoto et al. (1998) may also be associated with a lower [Tip] . Further studies are therefore needed to address these points.
